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Use of Few-Angstrom Radiation Imaging to Characterize Ultrabright,
Multi-GeV Particle Beams
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(Received 24 April 1998)

We have used the 7-GeV stored positron beam at the Advanced Photon Source to approx
relevant particle beam parameters of a diffraction-limited x-ray source and to perform measuremen
few- to sub-angstrom radiation. Results are based on the 198-period diagnostics undulator optim
for low-divergence radiation coness,2.6 mradd at l , 0.5 Å on the fundamental and on a unique
synchroscan and dual-sweep x-ray streak camera (with a few picosecond resolution) that was
locked to the accelerator’s master oscillator subharmonic. Scaling of these techniques to future so
is presented. [S0031-9007(99)08983-8]

PACS numbers: 41.60.Ap, 07.85.Qe, 41.60.Cr
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The quest for diffraction-limited soft or hard x-ray
sources of the future has concomitant challenges of gen
ating and measuring ultrabright, multi-GeV particle beam
[1–5]. In this Letter we report unique beam imaging ex
periments using few- to sub-angstrom x-ray synchrotr
radiation (XSR) emitted by the beam that supports th
quest. The beam conditions allowed demonstrations
capabilities in the few-mrad, 10-mm, and few-ps resolu-
tion regimes. Results include the measurement of a ve
cal beam divergence of3.3 mrad, the lowest value directly
measured on a storage ring to date, and the first dem
strations of a unique x-ray synchroscan streak cam
providing few-ps resolution while also providing spatia
resolution potentially at the10-mm regime. We also re-
port a novel use of the metal disk that supports the stre
tube’s Au strip photocathode (PC) as a lower efficienc
two-dimensional imaging detector. Although x-ray strea
tubes with single fast deflections have been used
years, these are the first data taken on an accelerato
synchrotron radiation facility with the vertical sweep o
the x-ray tube locked to the accelerator’s rf frequenc
subharmonic, with sweep repetition rates of greater th
100 HMz (117.3 MHz) and with jitter less than 1 ps. Th
combination of low-jitter, synchronous summing of tem
poral profile information and improved spatial resolutio
in the x-ray field compared to visible light techniques ex
tends time-resolved techniques to 10 times smaller be
sizes and to emerging pump-probe x-ray experiments
existing synchrotron light sources.

The relevance of this parameter space is that it not on
covers the extended boundary of present third-generat
light sources, such as the Advanced Photon Source (AP
but also reaches several of the parameter values of fut
light sources. Reduction of the vertical coupling (the r
tio of the vertical to horizontal beam emittance) to 1%–2
and below improves the source brilliance but also results
the vertical plane’s parameters approaching the values
a diffraction-limited source at 1 Å. Such a source wou
have a transverse particle beam emittance,´ # ly4p

of about 0.01 nm rad or 10 pm rad. [This same relatio
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ship applies to having adequate overlap of the partic
and photon beams in a free-electron laser (FEL)]. A
suming a beta function,b ­ 10 m, the rms beam sizes
sx,y , 10 mm and divergencessx0,y0 ­ 1 mrad are criti-
cal values. Bunch lengths less than 1 ps (100 fs in th
case of a linac-based source) are projected. Althou
other reports have addressed slice-emittance compensa
at 40 MeV [6] and sub-ps sampling of a 50-MeV high
emittance beam with a laser [7], the present techniqu
deal with 7-GeV beam parameters at or within a facto
of 2 to 4 of the projected future, fourth-generation ligh
source (4GLS) designs based on linacs [8,9] or stora
rings. They also support the push toward 0.1% vertic
coupling in the APS storage ring.

A schematic of the experimental setup is shown i
Fig. 1. The insertion device (ID) and bending magne
sources, beam lines, and instrumentation locations are
dicated. The APS lattice design results in the Sector 3
ID beam being transported outboard of the next secto
first dipole magnet (a low dispersion point). A specially
designed aperture assembly allows the x-ray power ma
agement from the two sources.

The basic principles for an undulator to be use
for particle beam divergence measurements have be
discussed elsewhere [10–12]. For an undulator wi
period lengthlu, the maximum on-axis photon flux is
obtained at a wavelength,

ln ­
lu

2ng2

µ
1 1

K2

2

∂
, (1)

where ln is the harmonic wavelengthsn ­ 1, 3, . . .d, g

the Lorentz factor of the positron, andK the undulator
parameter. At this wavelength, the rms angular width o
the radiation cone is

sn0 >

s
ln

2L
, (2)

where L ­ Nlu is the length of the undulator. For a
stored beam with emittancéx and beta functionbx, the
© 1999 The American Physical Society 3605
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dulator is
nd x-ray
FIG. 1. Schematic of the APS diagnostics sector’s sources, beam lines, and detectors. The 1.8-cm period diagnostics un
the ID, and one of the 80 storage ring dipole magnets is the source of x-ray synchrotron radiation. The monochromator a
streak camera locations are indicated.
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electron beam size and divergence are given by

sx >
p

bx´x and sx0 >
r

´x

bx
. (3)

The photon beam profile is generally measured with
monochromator/detector combination. The rms width
this profileSx is given by

S2
x ­ s2

x 1 z2s2
x0 1 sz 2 z0d2s2

n0 , (4)

wherez andz0 are distances from thee-beam waist to the
detector and undulator center, respectively. The emittan
can be obtained from these two latter equations,

´x ­ bx
S2

x 2 sz 2 z0d2s
2
n0

b2
x 1 z2 . (5)

A similar procedure also applies to the vertical direction
For the APS diagnostics undulator [11],z0 ­ 0.87 m,
lu ­ 1.8 cm, N ­ 198, andg ­ 1.4 3 104. The undu-
lator radiation cone is2.6 mrad wide in the fundamental
compared to the8-mrad nominal vertical divergence
(´y ­ 0.8 nm rad andby ­ 10.1 m). By operating at
lower vertical coupling in the storage ring (´y ­ 0.08
0.16 nm rad), we have produced,3 mrad vertically
divergent particle beams and measured them with a ho
zontally deflecting monochromator using a Si(220) o
Ge(220) crystal, a CdWO4 converter crystal atz ­
36.5 m, and a charge-coupled device (CCD) camera.

The second series of experiments involved the fir
direct measurements of a multi-GeV beam’s bunch leng
and transverse size using a unique synchroscan and d
sweep x-ray streak camera, Hamamatsu Model C568
36 [13] with the resolution parameter designed to AP
specifications. In this case the XSR from a storage rin
dipole source point is imaged by an adjustable pinho
aperture onto the streak tube PC as also shown in Fig.
The Au photocathode allows the detection of radiatio
from at least 10 eV to 10 keV and has some efficienc
at energies up to 20–25 keV as shown in Fig. 2. The
ray tube is housed in a mainframe compatible with th
plug-in units of the C5680 series. For these experimen
the synchroscan plug-in (Model M5675) provided th
vertical (fast time) sweep, and the dual-sweep unit (Mod
M5679) provided the horizontal (slow time) sweep.

In the focus mode of the streak camera a Hg lamp w
first used to illuminate the entire PC. We then set th
x-ray apertures at50 3 50 mm2 and located the image on
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the gold-coated PC. We also noticed a 100 times wea
image at offy-axis positions that seemed to carry the fu
vertical profile information ofsy , 45 mm at the source
(rather than just the50-mm slices). Once this was done
the synchroscan ranges were exercised. Three of the f
were tested with x-rays. The phase adjustment and sw
speed calibrations were done using thez translator instead
of an rf phase delay unit.

For the diagnostics undulator, the transverse dime
sions of the monochromatic,,26-keV x-ray beam,Sx ­
870 mm, andSy ­ 157 mm, are determined from the im-
age shown in Fig. 3. By using the design beta functio
(bx ­ 14.2 m andby ­ 10.1 m) that were within 5% of
the beam-based measurements and assuming the waist
the design location, the horizontals7.0 6 1.4 nm radd and
vertical s0.11 6 0.02 nm radd emittances are determined
from Eq. (5). These values correspond to the horizo
tal divergence of22 6 2 mrad and vertical divergence of
3.3 6 0.9 mrad, whose contributions dominated the me
sured total sizes [Eq. (4)]. We have performed addition
calculations and expect use of the third and fifth harmon
on-axis radiation or use of features in off-axis radiatio
would allow measurement resolution in the1-mrad regime
with this device [4,10,14]. A cryocooled monochromato
would probably be needed to handle the higher heat lo

FIG. 2. An estimate of the absorbed power in percent by t
Au photocathode of the x-rays spectral distribution (in keV
from the bending magnet source. The attenuation of the s
x rays by the beam line exit Be window and the x-ray tube
entrance Be window have been included.
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FIG. 3. A video image (top) of the sub-angstrom monochr
matized output radiation from the diagnostics undulator. T
particle beam’s vertical divergences3.3 mradd is the largest
contribution to this spot-size profile (bottom) at a distance
36.5 m from the source. In the other plane, the horizontal p
ticle beam divergence was determined to be22 mrad.

on the crystal. The3.3-mrad value is one of the lowest
divergences directly measured to date on a storage r
[15]. If this diagnostics undulator were operated with
15-GeV beam, the fundamental would be at 110 keV wi
a cone angle of1.2 mrad on-axis. It seems realistic to
propose that one leg of the 4GLS linac-based FEL arr
of beam lines should have a diagnostics undulator an
beam dump. (One straight section in a storage-ring-ba
device could have a dedicated device.)

It also should be noted that these measurements w
done with a 30-ms integration time in the CCD came
on the 80-mA beam corresponding to an integrated cha
of 2.4 mC. The ID gap was at 34 mmsK ­ 0.0076d re-
sulting in only about 0.2 W of power in the fundamen
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tal. Scaling issues include: (1) Closing the gap of thi
undulator to 10.5 mm (6 mm) would increase the power i
the fundamental by3 3 103 s104d—the former has been
measured [11] and the latter is a reasonable extrapolatio
(2) using a cryocooled CCD or microchannel plate intens
fied camera would improve signal sensitivity by102 to 103,
(3) reducing the horizontal emittance toly4p would in-
crease the photon density by a factor of 5. This combine
factor of 106 to 107 in signal and detector options should
make a single pulse train measurable withQ # 1 nC to-
tal charge. This value is close to nominal 4GLS de
signs. Also, a longer undulator might be used to reduc
the radiation cone angle. The already low trajectory e
ror is #1 mrad at 7 GeV and scales down to,0.5 mrad
at 15 GeV. Further studies with our present device ar
planned to address some of these points.

In Fig. 4 we show x-ray streak camera results of (a)
focus mode image from the disk PC, (b) a focus mod
image from the Au strip PC, and (c) a synchroscan imag
with the observed bunch length of 65 ps (FWHM) or
28 ps ssestd. Figure 4(a) illustrates a novel 2D spatial
imaging of the hard x-ray source withsx ­ 190 mm
and sy ­ 45 mm. The aperture was at50 3 50 mm2.
The pinhole aperture was set at100 mm horizontally
sHd by 100 mm vertically sV d with a magnification of
about 1.6:1 for Figs. 4(b) and 4(c). (Data have also bee
obtained with apertures as small as10 3 10 mm2.) On
this streak deflection range the camera rms resolutio
sres, is determined from the focus mode image siz
(static spread function) to besres , 4 ps. The fastest
range available is 4 times faster and implies 1 to 1.5 p
ssd resolution. The same tube was previously tested wit
a laser at 248 nm and due to a lower photoelectron ener
distribution spread gave about 0.6-ps resolution [16,17
These resolution numbers bound the performance f
incident wavelengths from 2480 to,1 Å. The range
has an exclusion regime from 1000–200 Å due to highe
absorption of these energies by the parylene substra
under the Au for this particular PC. Subsequently, th
horizontal deflection was tested. Potentially, the 30-p
bunch length could be tracked over 100 ms to sub-m
ranges on the present experiment. The tube sweep spe
can go down to 100 ns. Initial data are given in Ref. [18]

Although x-ray streak tubes with single fast deflec
tions have been used for years [19], to our knowledg
these are the first data taken on an accelerator or sy
chrotron radiation facility with the vertical sweep of the
x-ray tube locked to the accelerator’s rf frequency subha
monics, with repetition speeds of greater than 100 MH
(117.3 MHz), and with jitter less than 1 ps. A second
orthogonal set of deflection plates in the tube was als
used for a dual-sweep demonstration down to200 ms,
which was limited by photon intensity in the configu-
ration. In an x-ray synchrotron radiation facility direct
evaluation of the XSR may also be of interest to the use
community. (This is an alternative to laser-triggered de
flections in a streak tube planned for pump-probe and/o
3607
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FIG. 4. X-ray streak camera images of the particle beam
(a) the focus mode on the disk PC, (b) the focus mode on t
Au PC, and (c) the synchroscan streak mode on the Au P
In the latter the bunch lengthsst , 28 psd on the vertical axis
was obtained with 4-ps temporal resolution and the horizont
sizessx , 190 mmd with about15-mm spatial resolution. This
synchronous sum of multiple bunches and turns is execut
with low jitter by phase locking to the rf master clock’s
subharmonic at 117.3 MHz.

time-dependent x-ray diffraction experiments [20–22]
The use of x rays for imaging also reduces the resolutio
limit from diffraction effects compared to optical (visible)
synchrotron radiation imaging so that some beam dyna
ics issues may still be addressed at smaller spot sizes.

In summary, we have demonstrated the generation a
measurement of beams in APS with some beam parame
prototypical of a diffraction-limited x-ray source or 4GLS.
Beam divergence of a fewmrad in a 7-GeV beam using
a scalable, diagnostics undulator, bunch length measu
ments of XSR with potential ps resolution, sub-ps jitte
and orthogonal time axis coverage using a unique x-r
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streak camera, and beam size measurement at the40-mm
level were discussed. Additionally, this particular x-ra
streak camera addresses the need identified for ps-dom
x-ray detectors for time-resolved application experimen
using 10-eV to 10-keV radiation [23]. We believe thes
demonstrations can provide critical data towards ne
generation light source research, and these could be in
complement of diagnostics for an eventual 4GLS facility
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